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Strabismus affects 2–4% of the infant population, with infantile esotropia being the most
common form in Western populations1, 2. Investigations of strabismus found in the literature
are primarily oriented towards describing different forms of strabismus and evaluating
outcomes of surgical intervention. However there are a small number of research groups that
have tried to improve our basic understanding of strabismus mechanisms by performing studies
in non-human primates. In this issue of the journal, one of the leading groups led by Dr. Larry
Tychsen of Washington University in St. Louis describe their studies examining properties of
naturally occurring esotropia in macaque monkeys3. They have used a comprehensive
approach to their investigation by examining eye alignment and eye movement behavior, using
anatomical methods to analyze binocularity in primary visual cortex (area V1) and using
anatomical and MRI methods to analyze extraocular muscles. They make several important
points.
First, their data shows quite convincingly that non-human primates with naturally occurring
esotropia show the constellation of ocular motor disorders (horizontal eye misalignment, A
and V patterns, dissociated vertical deviation (DVD), small pursuit/optokinetic nystagmus
asymmetry, and low velocity latent nystagmus) that are often observed in strabismic humans.
Monkey models for strabismus that have induced eye misalignment via different sensory or
surgical methods also show a similar range of oculomotor deficits 4–7. Therefore an important
finding of the present study is that it implies that currently available monkey models of
strabismus are indeed mechanistically representative of the human condition.
A second important result is that orbital anatomy is normal in the naturally occurring sensory-
strabismic animals. While this result may not be surprising to some, it is very important because
often strabismus is described in terms of relative “weakness” or “strength” of specific
extraocular muscles. It is essential to understand that the apparent “overaction” or
“underaction” of extraocular muscles is a description of state and not a description of
mechanism. Data provided in the current paper underscores this distinction. These data agree
with and validate data from animal models of sensory strabismus that show normal orbital
anatomy including normal sizes for extraocular muscle 8, 9. Results from our laboratory
demonstrate that motoneuron activity in the third nerve nucleus of exotropic animals reflects
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the state of horizontal eye misalignment, A-patterns, and DVD. These same results also indicate
that disruption in neural circuits (and not disruption in the extraocular muscles is responsible
for sensory infantile strabismus 10. Other mechanical factors, such as muscle length adaptation
or levels of expression of extraocular muscle-specific myosin isoforms, may help to determine
extraocular muscle contractility in a strabismic patient. The role of these factors, however, is
not yet understood.11–14 Additional investigation is needed in these areas.
The authors have used anatomical evaluation of visual cortex to suggest that the severity of
eye alignment and eye movement deficits is related to the severity of disruption of binocularity
in area V1. Although the result is intriguing, we must be cautious in assuming a direct
correlation, partly because anatomical studies do not reveal how much functional disruption
of binocular connections has occurred. For example, some excellent neurophysiological studies
of binocularity in V1 suggest that there are residual binocular suppressive connections in the
strabismic animal 15, 16. It is not clear how these suppressive connections affect the final
strabismic state and the related eye movement deficits. Adding to the complexity is that there
are many stages of visual and oculomotor processing beyond V1 that potentially play a role.
For example, the cerebellum is thought to play a role in binocular control 17. Extraocular
muscle proprioception may also help in maintaining eye alignment 18. Consequently disrupting
binocularity in V1 may have unknown non-linear effects on the development of response
properties of these downstream areas. Therefore further study of oculomotor areas downstream
of V1 is needed to fully understand the source of behavioral deficits in strabismus.
This crucial study validates strabismus mechanisms discovered via studies in monkey models
and also suggests ideas for further investigation. This is an exciting time in our field.
Researchers are now able to study strabismus using a variety of techniques, including
psychophysics, oculomotor behavior, MRI, physiology and anatomy. They also have the
appropriate animal models in which to ask fundamental questions about strabismus
mechanisms and their neural substrates. Primate studies have already helped to clarify our
thinking about some important issues such as the relationship between binocular vision and
development of strabismus. The expectation is that similar other studies will not only continue
to help us understand mechanisms but will also help guide the development of strabismus
therapies19.
Acknowledgements
Work was supported by NIH RO-1 EY015312 and Yerkes Base Grant RR00165.
Bibliography
1. Govindan M, Mohney BG, Diehl NN, Burke JP. Incidence and Types of Childhood Exotropia: A
population-Based Study. Ophthalmology 2005;112(1):104–108. [PubMed: 15629828]
2. Greenberg AE, Mohney BG, Diehl NN, Burke JP. Incidence and Types of Childhood Esotropia: A
Population-Based Study. Ophthalmology 2007;114(1):170–174. [PubMed: 17070595]
3. Tychsen L, Richards M, Wong A, Foeller P, Burhkalter A, Narasimhan A, Demer J. Spectrum of
Infantile Esotropia in Primates: Behavior, Brains, and Orbits. J AAPOS. 2008
4. Das VE, Fu LN, Mustari MJ, Tusa RJ. Incomitance in Monkeys with Strabismus. Strabismus 2005;13
(1):33–41. [PubMed: 15824015]
5. Economides JR, Adams DL, Jocson CM, Horton JC. Ocular Motor Behavior in Macaques with Surgical
Exotropia. J Neurophysiol 2007;98(6):3411–3422. [PubMed: 17928552]
6. Tusa RJ, Mustari MJ, Das VE, Boothe RG. Animal Models for Visual Deprivation-Induced Strabismus
and Nystagmus. Annals of the New York Academy of Sciences 2002;956:346–360. [PubMed:
11960818]
Das Page 2
J AAPOS. Author manuscript; available in PMC 2009 August 1.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
7. Wong AM, Foeller P, Bradley D, Burkhalter A, Tychsen L. Early Versus Delayed Repair of Infantile
Strabismus in Macaque Monkeys: I. Ocular Motor Effects. J AAPOS 2003;7(3):200–209. [PubMed:
12825061]
8. Das VE, Cheng H, Narasimhan A, Swann MH, Mustari MJ, Demer JL, Duong TQ. Mri Comparison
of Extraocular Muscle in Normal Monkeys and Monkeys with Strabismus. ARVO e-abstr. 2007
9. Narasimhan A, Tychsen L, Poukens V, Demer JL. Horizontal Rectus Muscle Anatomy in Naturally
and Artificially Strabismic Monkeys. Invest Ophthalmol Vis Sci 2007;48(6):2576–2588. [PubMed:
17525187]
10. Das VE, Mustari MJ. Correlation of Cross-Axis Eye Movements and Motoneuron Activity in Non-
Human Primates with "A" Pattern Strabismus. Invest Ophthalmol Vis Sci 2007;48(2):665–674.
[PubMed: 17251464]
11. Christiansen SP, McLoon LK. The Effect of Resection on Satellite Cell Activity in Rabbit Extraocular
Muscle. Invest Ophthalmol Vis Sci 2006;47(2):605–613. [PubMed: 16431957]
12. Guyton DL. The 10th Bielschowsky Lecture. Changes in Strabismus over Time: The Roles of
Vergence Tonus and Muscle Length Adaptation. Binocul Vis Strabismus Q 2006;21(2):81–92.
[PubMed: 16792523]
13. Guyton DL. Ocular Torsion Reveals the Mechanisms of Cyclovertical Strabismus: The Weisenfeld
Lecture. Invest Ophthalmol Vis Sci 2008;49(3):847–857. 846. [PubMed: 18326702]
14. Spencer, RF.; Porter, J. Biological Organization of the Extraocular Muscles, in Progress in Brain
Research: Neuroanatomy of the Oculomotor System. Buttner-Ennerver, JA., editor. Elseiver; 2006.
15. Zhang B, Bi H, Sakai E, Maruko I, Zheng J, Smith EL 3rd, Chino YM. Rapid Plasticity of Binocular
Connections in Developing Monkey Visual Cortex (V1). Proc Natl Acad Sci USA 2005;102(25):
9026–9031. [PubMed: 15956191]
16. Smith EL 3rd, Chino YM, Ni J, Cheng H, Crawford ML, Harwerth RS. Residual Binocular
Interactions in the Striate Cortex of Monkeys Reared with Abnormal Binocular Vision. J
Neurophysiol 1997;78(3):1353–1362. [PubMed: 9310426]
17. Versino M, Hurko O, Zee DS. Disorders of Binocular Control of Eye Movements in Patients with
Cerebellar Dysfunction. Brain 1996;119(Pt 6):1933–1950. [PubMed: 9009999]
18. Steinbach MJ, Smith DR. Spatial Localization after Strabismus Surgery: Evidence for Inflow. Science
1981;213(4514):1407–1409. [PubMed: 7268444]
19. McLoon LK, Anderson BC, Christiansen SP. Increasing Muscle Strength as a Treatment for
Strabismus: Sustained Release of Insulin-Like Growth Factor-1 in Rabbit Extraocular Muscle. J
AAPOS 2006;10(5):424–429. [PubMed: 17070477]
Das Page 3
J AAPOS. Author manuscript; available in PMC 2009 August 1.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
